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A basic study of the differences in elastic properties between single- and multi-domain crystals of
LiTaO3 is conducted by measuring the longitudinal velocities for X-, Y -, and Z-cut specimens and
the shear velocities for Z-cut specimens. Two sets of X-, Y -, and Z-cut specimens are prepared: one
is for normal ~single-domain! specimens and the other is for perfectly depoled ~multi-domain!
specimens. For the longitudinal wave propagation directions along the Y and Z axes, the velocities
for the single-domain specimens, due to piezoelectricity, are 91.5 m/s ~1.59%! and 92.7 m/s ~1.50%!
larger than those for the multi-domain specimens, respectively. On the other hand, for the X-axis
longitudinal and Z-axis shear wave propagation directions, piezoelectricity is uncoupled, but the
very interesting velocity changes are that the longitudinal and shear velocities for the single-domain
specimens are 48.4 m/s ~0.87%! and 135.6 m/s ~3.79%! smaller than those for the multi-domain
specimens, respectively. These differences are introduced by the poling operation for multi-domain
LiTaO3 crystals. Four elastic constants of c11 , c33 , c44 , and c14 in the multi-domain state are
determined. © 1997 American Institute of Physics. @S0021-8979~97!02110-5#I. INTRODUCTION
Ferroelectric single crystals of LiNbO31–4 and
LiTaO31,5 are widely used as substrates for ultrasonic and
optoelectronic devices. Obtaining homogeneity in elastic and
optical properties of the crystals is one of the most important
problems for wafer production. Recently, inhomogeneities of
commercial wafers/crystals have been investigated with data
of velocity changes of leaky surface acoustic waves
~LSAWs! obtained by line-focus-beam acoustic
microscopy.6–9 The variations of the elastic properties are
considered to be caused primarily by chemical composition
changes,7–9 secondarily by residual multi-domains due to an
incomplete poling process,6,9 and thirdly by surface damage
during the slicing and polishing processes.
The LSAW velocity changes due to residual multi-
domains have been studied on some LiTaO3 substrates
for SAW devices, X-cut 112.2° rotated Y -propagating
(X2112 °Y ) and 36° rotated Y -cut X-propagating
(36 °YX) LiTaO3 substrates. For X2112 °Y LiTaO3 sub-
strates for Rayleigh-type SAW devices, the effects of re-
sidual multi-domains on LSAW velocity variations have
been quantitatively explained by comparing the LSAW ve-
locities measured for two types of substrates extremely dif-
ferent in the domain structure: single- and multi-domain
substrates.6 The same method cannot, however, be adopted
for explanation of the LSAW velocity changes obtained on
36 °YX LiTaO3 substrates for shear horizontal ~SH!-type
SAW devices, because a Rayleigh-type mode of SAWs,
which is nearly uncoupled with piezoelectricity, is used for
characterization.9 Since residual multi-domains are in the in-
termediate states between single- and multi-domains, knowl-
edge of the acoustical physical constants ~stiffness constant,
piezoelectric constant, dielectric constant, and density! of
multi-domain crystals, as well as of single-domain crystals,
is essentially needed for quantitative analyses of the LSAW
velocity variations caused by residual multi-domains.6906 J. Appl. Phys. 81 (10), 15 May 1997 0021-8979/97/
Downloaded¬05¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subjeWith this research background, bulk elastic properties of
LiTaO3 specimens in two completely opposite domain struc-
tures of the single- and multi-domains are investigated in this
article. First, the sound velocities of bulk acoustic waves in
the X-, Y -, and Z-axis propagation directions, which are sim-
ply related to the physical constants, are measured. Then, the
‘‘effective’’ elastic constants are determined with the mea-
sured velocities and densities, and the elastic properties be-
tween the single- and multi-domain states are compared and
discussed.
II. MEASUREMENT METHOD
Here, the ‘‘effective’’ elastic constant is measured as a
basic physical quantity representing the elastic properties of
a material. The effective elastic constant c is related to the
density r and the sound velocity V as
c5rV2. ~1!
The sound velocity is measured by the ultrasonic pulse
interference method using radio frequency ~rf! tone burst
signals.10 A block diagram of the ultrasonic velocity mea-
surement system is shown in Fig. 1. rf burst signals with a
stable carrier frequency f , generated by the pulse mode mea-
surement system, are applied to an ultrasonic device through
a rf directional bridge. The experimental arrangement for
measurements is illustrated in Fig. 2. The signals are con-
verted into ultrasonic plane waves by the transducer and
propagate through the synthetic silica (SiO2) buffer rod, cou-
pling material, and specimen, as the waves are reflected and
transmitted at each boundary and are reflected perfectly at
the back surface of the specimen. Coupling materials are
distilled water for longitudinal waves and a thin layer of
bonding material salol ~phenyl salicylate! for shear waves.
Two reflected signals from the front surface, V1 , and from
the back surface, V2 , are superposed in the time domain by
the double-pulse method, as shown in Fig. 3. The reflected
signals are transmitted from the ultrasonic device back into81(10)/6906/5/$10.00 © 1997 American Institute of Physics
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the pulse mode measurement system, and the desired signals
are gated out and detected. A typical interference waveform,
as shown in Fig. 4, is obtained from the change in the phase
difference between V1 and V2 by sweeping the frequency.
The sound velocity is determined with the frequency interval
of the interference waveform, D f , and the thickness of the
sample, h , by the following equation:
V52D f h . ~2!
The thickness of each specimen is measured by a digital
length gauging system with an optical encoder. The density
is measured by the Archimedes method.
III. RESULTS
Two sets of X-, Y -, and Z-cut LiTaO3 specimens were
used for measurements: one set with a single-domain and the
other set with multi-domains. The single-domain crystal
specimens are commercially available ones, which were ob-
tained from single crystals prepared by heating grown crys-
tals above the Curie temperature and by gradually cooling
them with dc voltages applied for the poling operation. The
FIG. 1. Block diagram of the ultrasonic velocity measurement system.
FIG. 2. Experimental arrangement of ultrasonic velocity measurements by
the pulse interference method.J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
Downloaded¬05¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subjemulti-domain ~depoled! specimens were prepared by heating
single-domain specimens again above the Curie temperature
and by gradually cooling them without applying voltage. The
thicknesses of the single- and multi-domain specimens are
about 2 and 3 mm, respectively.
The velocities of longitudinal waves in the X-axis propa-
gation direction, VXl , and in the Y -axis propagation direc-
FIG. 3. Schematic diagram of the double-pulse method.
FIG. 4. Frequency response of interference output for single-domain Z-cut
LiTaO3 specimen in longitudinal velocity measurement by the pulse inter-
ference method. The specimen thickness is 1880.8 mm.6907J. Kushibiki and I. Takanaga
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DTABLE I. Measured bulk acoustic properties of single- and multi-domain LiTaO3.
Specimen h ~mm! Vl ~m/s! Vs ~m/s! r (kg/m3)
Single-domain 1992.9 5591.4 7461.5
~60.1! ~60.5! ~60.5!
X-cut Multi-domain 2986.7 5639.8 7461.6
~60.1! ~60.5! ~60.6!
Difference 148.4 10.1
~10.87%! ~10.001%!
Single-domain 1993.2 5750.1 7461.4
~60.1! ~60.7! ~60.4!
Y -cut Multi-domain 2985.8 5658.6 7460.1
~60.1! ~60.4! ~60.6!
Difference 291.5 21.3
~21.59%! ~20.017%!
Single-domain 1880.8 6176.7 3578.0 7462.2
~60.1! ~60.5! ~60.3! ~60.7!
Z-cut Multi-domain 2981.5 6084.0 3713.6 7461.6
~60.1! ~60.5! ~60.4! ~60.4!
Difference 292.7 1135.6 20.6
~21.50%! ~13.79%! ~20.008%!tion, VYl , are measured for the X- and Y -cut specimens. And
the velocities of longitudinal waves, VZl , and of shear
waves, VZs , in the Z-axis propagation direction are mea-
sured for the Z-cut specimens. The frequency range of lon-
gitudinal waves is 90–215 MHz, and that of shear waves is
65–185 MHz. The results of the velocity and density mea-
surements are given in Table I, along with the measurement
errors in parentheses. With the measured data, the effective
elastic constants are determined by the following equations:
cil5rVil
2
, ~3!
cZs5rVZs
2
, ~4!
where the subscript i is for the crystallographic axes of X ,
Y , and Z . The determined effective elastic constants are
given in Table II. All the measurements were carried out at
the temperature range 22.8–23.4 °C.
IV. DISCUSSION
In Table I, significant differences in velocity between
single- and multi-domain crystals were clearly observed. The
values of VXl and VZs are 48.4 m/s ~0.87%! and 135.6 m/s
~3.79%! larger for the multi-domain specimens than for the
single-domain specimens, respectively, while the values of
VYl and VZl are 91.5 m/s ~1.59%! and 92.7 m/s ~1.50%!
smaller for the multi-domain specimens than for the single-hys., Vol. 81, No. 10, 15 May 1997
ownloaded¬05¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subjedomain specimens, respectively. No distinct differences in
density could be seen. Therefore, significantly different ef-
fective elastic constants between single-domain and multi-
domain specimens are obtained. In Table III, the measured
effective elastic constants and density for the single-domain
LiTaO3 crystal specimens are compared with the published
data.11 It is seen that the measured values are determined
more accurately than the previously published values, and
that all the measured values in this study are a little larger
than the published ones: for the effective elastic constants
almost zero to 0.03 3 1011 N/m2, and for the density 0.01
3 103 kg/m3. It is deduced from these measurements that the
elastic properties of commercially available single-domain
LiTaO3 crystal used for measurements are a little bit differ-
ent from those of the crystal measured by Warner et al. in
1967, resulting from slightly different chemical composition
ratios.9
Here, the relations between the sound velocities and the
physical constants are discussed. LiTaO3 crystal belongs to
class 3m and the relations between the sound velocities and
physical constants of single-domain crystals are represented
as11
rVXl
2 5c11
E
, ~5!TABLE II. Measured effective elastic constants and density of LiTaO3.
cXl
(31011 N/m2)
cYl
(31011 N/m2)
cZl
(31011 N/m2)
cZs
(31011 N/m2)
r
(3103 kg/m3)
Single-domain 2.3327 2.4670 2.8470 0.9553 7.4617
~60.0006! ~60.0007! ~60.0008! ~60.0003! ~60.0012!
Multi-domain 2.3734 2.3887 2.7619 1.0290 7.4611
~60.0007! ~60.0006! ~60.0007! ~60.0003! ~60.0016!
Difference 10.0407 20.0783 20.0851 10.0737 20.0006
~11.74%! ~23.17%! ~22.99%! ~17.71%! ~20.01%!J. Kushibiki and I. Takanaga
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DTABLE III. Effective elastic constants and density of single-domain LiTaO3.
cXl
(31011 N/m2)
cYl
(31011 N/m2)
cZl
(31011 N/m2)
cZs
(31011 N/m2)
r
(3103 kg/m3)
Measured 2.3327 2.4670 2.8470 0.9553 7.4617
~60.0006! ~60.0007! ~60.0008! ~60.0003! ~60.0012!
Publisheda 2.33 2.44 2.84 0.94 7.45
Difference 10.00 10.03 10.01 10.02 10.01
~10.0%! ~11.2%! ~10.4%! ~12.1%! ~10.1%!
aSee Ref. 11.rVYl
2 5
2B1AB224AC
2A , ~6!
rVZl
2 5c33
E 1
e33
2
e33
S , ~7!
rVZs
2 5c44
E
, ~8!
where
A5e11
S
,
B52e15
2 2e22
2 2e11
S ~c11
E 1c44
E !,
C5e15
2 c11
E 1e22
2 c44
E 12e15e22c14
E 1e11
S ~c11
E c44
E 2c14
E2!,
and cE is the stiffness constant defined for the condition of
constant electric field, e the piezoelectric constant, and eS the
dielectric constant at constant strain. The equations above
indicate that the piezoelectric constants are associated only
with VYl and VZl of single-domain crystals, not with VXl and
VZs . With this consideration, a better understanding of the
experimental results can be obtained: the values of VXl and
VZs for the single-domain specimens, with no piezoelectric
relationship, are smaller than those for the multi-domain
specimens, and the values of VYl and VZl for the single-
domain specimens, with some piezoelectric relationships, are
larger than those for the multi-domain specimens.
From Eq. ~7!, it is seen that VZl of single-domain crys-
tals is associated with the piezoelectric constant e33 . Using
the values reported in the literature,11 the term of e332/e33S is
calculated to be 0.09 3 1011 N/m2, which is nearly equal to
0.0851 3 1011 N/m2, the difference between the measured
value of cZl for the single-domain Z-cut specimen and that
for the multi-domain Z-cut specimen. The difference in the
measured values of cYl between the single-domain and
multi-domain Y -cut specimens is 0.0783 3 1011 N/m2, which
is approximately the same as the value of 0.10
3 1011 N/m2, the calculated value of the piezoelectric effect
in Eq. ~6!. It is, therefore, deduced that when the piezoelec-
tric constants are associated with the velocities of single-
domain crystals, the differences of the velocities and of the
effective elastic constants between single- and multi-domain
crystals are caused by the effects of their piezoelectricity.
Next, in order to investigate the domain size in multi-
domains, a Z-cut LiTaO3 crystal sample with multi-domains
was chemically etched at 110 °C for 16 h in a liquid mixture
that HF:HNO351:2 ~Ref. 12! and the etched surface was
examined with an optical microscope; the micrograph is
shown in Fig. 5. The observed surface roughness is due to81, No. 10, 15 May 1997
ownloaded¬05¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subjethe different etching rates between the positive and negative
Z surfaces, and the domain size is about 1 mm. In the fre-
quency range measured, the wavelengths of the longitudinal
waves are 25–70 mm and those of the shear waves are
20–55 mm, which are much larger than the domain size ob-
served. It is considered from this observation that piezoelec-
tricity is lost in the multi-domain crystal. So this nonpiezo-
electric origin can be responsible for the velocity changes in
all modes presented in Table I. We also made an experimen-
tal investigation concerning modification in the elastic prop-
erties due to the domain boundaries formed in the depoled
specimens, but no velocity dispersion and no significant at-
tenuation increase were observed in the frequency range em-
ployed in this work.
The elastic constants of c11 , c33 , and c44 for the multi-
domain LiTaO3 crystal, without piezoelectricity, are directly
determined from the similar equations of Eqs. ~5!, ~7!, and
~8!, respectively, by neglecting the piezoelectric terms. The
elastic constant of c14 is obtained from the following equa-
tion:
rVYl
2 5
c111c441A~c112c44!214c142
2 . ~9!
The determined elastic constants ci j of multi-domain
LiTaO3 crystal are shown in Table IV, as compared with the
published elastic constants ci j
E of single-domain LiTaO3 crys-
tal. The elastic constants for the multi-domain crystal speci-
mens are considerably different from those represented in the
cE form for the single-domain crystal specimens, especially
for c11 and c44 , with which piezoelectricity is uncoupled. In
other words, it can be represented that the elastic properties
FIG. 5. Micrograph of etched surface of multi-domain Z-cut LiTaO3 speci-
men.6909J. Kushibiki and I. Takanaga
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of multi-domain LiTaO3 crystal are stiffened with great
changes of the relevant physical constants through the poling
operation, which is a necessary procedure to transit the
multi-domain state into the piezo-active single-domain state.
V. CONCLUSIONS
In this article, the effective elastic constants have been
determined by measuring the densities and sound velocities
for the X-, Y -, and Z-axis wave propagations for LiTaO3
single- and multi-domain specimens, and their elastic prop-
erties have been compared. The sound velocities and the ef-
fective elastic constants for longitudinal waves propagating
along the Y and Z axes in the single-domain specimens,
whose velocities are associated with piezoelectricity, are re-
markably larger than those in the multi-domain specimens,
and the differences between them are made by the involve-
ment of piezoelectricity. On the other hand, a very interest-
ing finding has been obtained for the longitudinal waves in
the X-axis propagation and for the shear waves in the
Z-axis propagation. Even though piezoelectricity is not in-
volved for the wave propagation, the sound velocities and
elastic constants for the single-domain specimens are consid-
erably smaller than those for the multi-domain specimens. It
TABLE IV. Comparison of measured elastic constants of multi-domain
LiTaO3 with published data of single-domain LiTaO3.
c11
(31011 N/m2)
c14
(31011 N/m2)
c33
(31011 N/m2)
c44
(31011 N/m2)
Multi-domain 2.3734 20.1441 2.7619 1.0290
~Measured ci j! ~60.0007! ~60.0058! ~60.0007! ~60.0003!
Single-domain 2.33 20.11 2.75 0.94
~Published ci jE !a
Difference 10.04 20.03 10.01 10.09
aSee Ref. 11.6910 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
Downloaded¬05¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subjehas been shown from this quantitative investigation that the
poling operation to introduce piezoelectricity into multi-
domain LiTaO3 single crystals is responsible for the differ-
ences of the elastic properties between single- and multi-
domain crystals. Further studies on these differences are
needed for a better understanding of this kind of a scientific
research subject about elasticity of multi-domain ferroelec-
tric crystals. As an additional point of information, four elas-
tic constants of c11 , c33 , c44 , and c14 for the multi-domain
LiTaO3 single crystal have been presented for the first time.
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